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Abstract.
The SuperMACHO Project is a five-year survey toward the Large Magellanic Cloud (LMC) aimed at understanding the

nature of the populations of lenses responsible for the excess microlensing rates observed by the MACHO project [1]. Survey
observations were completed in 2006. A rich side-product of this survey is a catalog of variable sources down to a depth of
VR 23, including many classes of pulsating variables such as δ -Scuti and RR Lyrae. Through their position in the Period-
Luminosity diagram and their light curve characteristics we have identified 2323 high amplitude δ -Scuti (HADS) having high
quality light curves. sing Fourier decomposition of the HADS light curves, we find that the period-luminosity (PL) relation
defined by the firt-overtone (FO) pulsators does not show a clear separation from the PL-relation defined by the fundamental
(F) pulsators. This differs from other instability strip pulsators such as type c RR Lyrae. We also present evidence for a larger
amplitude, subluminous population of HADS similar to that observed in Fornax [2].
Keywords: Time series analysis

INTRODUCTION

δ -Scuti variables populate the region of the Hertzprung-
Russell diagram where the instability strip meets the
main sequence. The high-amplitude variables are gener-
ally believed to be pulsating primarily in radial modes,
whereas δ -Scuti with smaller amplitudes are believed to
have many non-radial modes of pulsation. Until recently,
observations of large sets of HADS have been limited
due to these stars’ intrinsic faintness and short periods.
Here we present 2323 candidate HADS in the LMC.

THE SUPERMACHO SURVEY:
OBSERVATIONS AND IMAGE

REDUCTION

The SuperMACHO project is a five-year optical survey
of the Large Magellanic Cloud (LMC) aimed at detect-
ing microlensing of LMC stars [3]. The survey was con-
ducted over 150 half-nights on the CTIO Blanco 4m
telescope using a custom VR broadband filter with the
MOSAIC II wide-field imager. The SuperMACHO sur-
vey was completed in January 2006. The 68 SuperMA-
CHO fields cover ∼23 deg.2 of sky. All survey obser-
vations were taken using a single, custom, wide-band,
optical filter covering the wavelength range from 5000–
7500 Å [see 4, for transmission curve]. Garg et al. [4],

Miknaitis et al. [5], Garg [6], and Rest and Garg [7] pro-
vide a description of the survey observations and data re-
duction. We employ a difference imaging technique [see
8, 9] to identify faint variables and obtain cleaner light
curves. Garg et al. [4] and Garg et al. (2009, submit-
ted) provide a description of the photometry and variable
source identification technique.

In addition to the VR survey images, we also obtained
a set of high quality B- and I-band images. We create
B and I catalogs for these images and generate B − I
color-magnitude diagrams (CMD) for each field. Though
the MOSAIC II camera does not allow for simultaneous
imaging in multiple bands, these observations were typi-
cally made within 5 minutes of each other. The colors for
even relatively short period variables (1-2 hours) should
be sufficiently accurate to determine the rough position
of sources in the CMD.

DATA AND RESULTS

Candidate Selection

We select candidates based on their position in the
period-luminosity (PL) diagram, their position in the
B − I CMD, and their amplitude. We perform light
curve phasing using both the SuperSmoother algorithm
[10] and the CLEANest code [11]. We then apply initial
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FIGURE 1. Light curves for a selection of δ -Scuti candi-
dates.

selection criteria requiring candidates to lie in the region
of the PL-diagram associated with δ -Scuti in the LMC
(19.7 <VR < 22.2 and 0.045 < P < 0.145 where P is the
period in days and VR is the mean VR-band magnitude).
We select only sources that appear in the B and I catalogs
and lie along the main sequence (I > 19.5 mag and
0.0 mag < B− I < 1.3 mag). We also require that the
minimum difference between the faintest and brightest
points on the light curve be greater than 0.2 mag.

After this pre-selection, we use the SigSpec [12] code
to determine the frequency spectrum of the light curve.
In many cases, the primary frequency of variation found
by SigSpec differs from that found during the initial
phasing. We use this new frequency to determine the
period and select only candidates with 0.045 days <

P < 0.115 days. We also perform a fourth order Fourier
decomposition of the light curves (see below). We use
the coeffecient of the zeroth order term, a0, as the average
stellar magnitude and keep candidates with 19.8 < a0 <

22.2. Finally, we use the model light curve described
by the Fourier fit to determine the overall amplitude, ∆,
which we define as the difference between the faintest
and brightest points in the model light curve. We select
only objects having ∆ > 0.2mag.

These selection criteria yield a final set of 2323 HADS
candidates. Figure 1 shows a selection of candidate light
curves. Figure 2 shows a representative CMD for our
LMC fields and the colors of the final HADS candidates.
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FIGURE 2. B − I color-magnitude diagram. Yellow dots
show all star-type sources in the B and I catalog for a single
amplifier in field sm97. The CMD is similar for all SuperMA-
CHO fields. The filled blue circles show the final set of HADS
candidates.

Fourier Decomposition

Using the period determined by SigSpec, we perform
a fourth order Fourier decomposition of the light curve
to obtain the coefficients in the series:

VR(t) = ao +
4

∑
n=1

an cos
(

2πnt
P

)

+bn sin
(

2πnt
P

)

(1)

where VR(t) is the observed VR magnitude at time t, n
counts each order in the decomposition, an and bn are
the coefficients of each order determined by the fit, and
P is the period. We find that a fourth order expansion is
sufficient to capture the structure of the light curves.

Using the Fourier coefficients we calculate several
additional parameters describing the light curves. An is
the amplitude of pulsation for each order such that A2

n =

a2
n + b2

n. ri j is the ratio of amplitudes such that ri j =

Ai/A j. φn is the phase shift for each order such that
φn = atan(bn/an). φi j is given by φi j = φi − iφ j.

DISCUSSION

Period-Luminosity diagram

Figure 3 shows the PL diagram of the final HADS
candidates. We note that the PL-relation shows a high
degree of scatter. This may indicate subgroups within the
sample such as the subluminous group observed by [2,
hereafter P08]. Because of the possibility of subgroups,
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FIGURE 3. PL-diagram of all candidates with fitted PL-
relation. The cyan dots show all δ -Scuti candidates. The blue
circles give the median magnitudes for each period. The blue
and orange error bars show the 33rd and 66th percentiles of the
population respectively, i.e. 33% (±17.5%) and 66% (±33%)
of the candidates within each bin lie between the ends of the
error bars. We note that the distribution in each bin is not always
symmetric about the median. The red squares show the mode
for each bin, and their errors show the inverse square root of the
number of sources in the bin. To improve visibility, we show
the median and mode values slightly offset from the center of
the bin position. The solid line is the best fit PL-relation to the
modes (see Equation 3). The dashed black line is the best fit
PL-relation when fixing the slope to that given by P08 (see
Equation 2).

we find the “ridgeline” of the PL-diagram to fit for a
PL-relation. This assumes that the main population of
δ -Scuti is the most populous. To find the ridgeline we
first bin the data by period (0.05 day binsize) and then by
VR (20 bins for each period bin). We then take the densest
VR bin for each period bin as the mode. We use the
inverse square root of the number of candidates in each
period bin as the uncertainty. We perform a linear, least-
squares fit to the binned data using the slope reported by
P08. This yields the PL-relation:

VR = −3.65log10 P+16.68±0.11 mag (2)

We also independently determine the slope of the PL-
relation using the SuperMACHO δ -Scuti. We again per-
form a fit to the ridgeline, this time leaving the slope as a
variable parameter. This fit yields the relation:

VR = −3.43±0.26log10 P+16.98±0.30 (3)

Both fits are shown in Figure 3 Similar to P08, we
also determine the PL-corrected luminosity, VRc, for all
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FIGURE 4. Figure showing the histogram of PL-relation-
corrected luminosities, VRc (see Equation 4). We show a his-
togram for the PL-relation-corrected magnitudes of the candi-
dates using the slope independently determined from this data.

candidates using the slope from the best fit. We calculate
this value using the relation:

VRc = 3.43log10 P+VR (4)

Figure 4 shows the histogram of VRc.

Overtone pulsators

The histogram shown in Figure 4 is heavily skewed
toward brighter magnitudes. Typically, such a population
that lies above the main PL-relation is thought to be pul-
sating at the overtone frequency (see P08 and references
therein). We consider this hypothesis by examining the
relation between VRc and several parameters describing
the candidates’ light curves. Figure 5 shows ∆ plotted
against VRc. We find that the brightest values of VRc cor-
respond to the lowest amplitude candidates. Based on ob-
servations and models of RR Lyrae, small amplitudes are
consistent with the overtone hypothesis [13].

We also examine the shape of the phased light curves
using the Fourier components. Based on observations of
first-overtone (FO) RR Lyrae, we would expect overtone
pulsators to exhibit a more symmetric light curve [14,
15]. By examining the relation between r21 and VRc

(Figure 6), we find this to be the case. Because we
find that φ21 is relatively constant for all candidates, r21
measures the relative contributions of the second and
first fourier components to the overall amplitude. More
asymmetric light curves should have higher values of r21,
and we find that lower values of VRc correspond to lower
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FIGURE 5. ∆ against VRc for all candidates. ∆ gives the
peak-to-trough amplitude of the phased light curve. We bin the
candidates by VRc. Symbols and error bars are as described in
the caption of Figure 3. We do not show bins containing fewer
than 20 candidates.
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FIGURE 6. Histogram of r21 for all candidates. White bars
show the histogram of r21 for all candidates. Overploted in red
are fainter candidates with VRc > 16.8. Overplotted in blue are
brighter candidates with VRc < 16.8.

values of r21. This is suggestive that the brighter sources
with lower values of r21 may be overtone pulsators.

We also note that unlike FO RR Lyrae and FO
Cepheids, we see no clear separation between the fun-
damental (F) and possible FO δ -Scuti. Our results are
similar to those of P08 whose PL-diagram also does not
show a clear separation. This is not necessarily surpris-
ing. δ -Scuti lie in a region of the instability strip that
spans a wide range of temperatures and luminosities. Be-
cause of this we would expect the PL-diagram to have a
broad intrinsic width resulting in regions of FO pulsation
that overlap regions of F pulsation.
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FIGURE 7. Efficiency corrected histogram of VRc for only
sources with ∆ > 0.4. The blue bars show the observed his-
togram, and the red bars give the efficiency-corrected his-
togram.

Larger amplitude population

The histogram of VRc shows no strong indication of
the subluminous population described in P08. We find,
however, that the median ∆ increases for fainter sources
(Figure 5). To test whether this reflects a selection bias
against smaller amplitudes for fainter sources, we use
simulations of δ -Scuti light curves similar to those de-
scribed in Garg [6]. We find that we have a relatively
high efficiency for detecting δ -Scuti at all amplitudes
and luminosities considered (>65%), and for the faintest
sources we are ∼ 13% more efficient at detecting larger
amplitude (0.8 mag < ∆ < 1.0 mag) variables than
smaller amplitude (0.2 mag < ∆ < 0.4 mag) variables.
The ratio between detection efficiencies for different am-
plitudes is similar for brighter sources, and the overall
correction to Figure 5 is small.

We also find that the majority of sources with ∆ >

0.4 mag have VRc fainter than 16.8 mag. We note that
the sources in P08 also have larger amplitudes, gener-
ally greater than 0.4 mag. A histogram of only the Su-
perMACHO LMC candidates with ∆ > 0.4 mag also in-
dicates an excess of subluminous sources similar to that
observed by P08 (Figure 7). We suggest that the sublumi-
nous population described in P08 may reflect these larger
amplitude sources.

As discussed in P08, the explanation for these sources
remains an open question. We note that the separation
between the main and subluminous populations observed
by P08 is similar to that observed in these data. Given the
differences in the compositions and star-formation histo-
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ries of Fornax and LMC, this similarity lends support to
the conclusion that these large amplitude, subluminous
sources evolved from the same population as those on
the main PL-relation. It would otherwise be difficult to
explain why both galaxies have such similar larger am-
plitude, subluminous populations that evolved indepen-
dently.

CONCLUSION

We present 2323 candidate HADS in the Large Mag-
ellanic Cloud (LMC). We find evidence for a large set
of FO pulsators within this data set. Notably, the PL-
relation defined by the FO pulsators does not show a
clear separation from the PL-relation defined by the
F pulsators. This is not necessarily surprising, as δ -
Scuti occupy a region of the instability strip that spans
a broad region of temperatures, and hence intrinsic color.
We also find that the majority of our HADS with am-
plitudes greater than 0.4 mag lie below the ridgeline of
the PL-diagram. By examining only these candidates, we
find an excess of subluminous sources similar to that ob-
served in Fornax (P08).
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